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Understanding the crystal field splitting and orbital polarization in non-centrosymmetric systems such as
ferroelectric materials is fundamentally important. In this study, taking BaTiO3 as a representative material
we investigate titanium crystal field splitting and orbital polarization in non-centrosymmetric TiO6 octahedra
with resonant X-ray linear dichroism at Ti L2,3-edge. The high-quality BaTiO3 thin films were deposited on
DyScO3 (110) single crystal substrates in a layer-by-layer way by pulsed laser deposition. The reflection high-
energy electron diffraction and element specific X-ray absorption spectroscopy were performed to characterize
the structural and electronic properties of the films. In sharp contrast to conventional crystal field splitting and
orbital configuration (dxz/dyz <dxy <d3z2−r2 <dx2−y2 or dxy <dxz/dyz <dx2−y2 <d3z2−r2 ) according
to Jahn-Teller effect, it is revealed that dxz , dyz , and dxy orbitals are nearly degenerate, whereas d3z2−r2
and dx2−y2 orbitals are split with an energy gap ∼ 100 meV in the epitaxial BaTiO3 films. The unexpected
degenerate states dxz/dyz/dxy are coupled to Ti-O displacements resulting from competition between polar and
Jahn-Teller distortions in non-centrosymmetric TiO6 octhedra of BTO films. Our results provide a route to
manipulate orbital degree of freedom by switching electric polarization in ferroelectric materials.
I. INTRODUCTION
Ferroelectric materials (oxide films in particular) which ex-
hibit robust spontaneous electric polarization that can be re-
oriented with an external electric field, have attracted atten-
tion because of their extensive applications such as transis-
tors, memories, and high frequency devices realized in var-
ious systems [1–10]. Generally, this spontaneous polariza-
tion is coupled to lattice structures such as Ti-O displace-
ments in BaTiO3 (BTO), a typical ferroelectric material with
non-centrosymmetric TiO6 octahedra [11–14]. Due to crys-
tal field splitting being sensitive to lattice distortions, the ion
displacements in ferroelectric materials can modify the crys-
tal field splitting, the study of which is fundamentally impor-
tant for understanding the properties of ferroelectric materi-
als and non-centrosymmetric superconductors, e.g., the coex-
istence of superconducting and ferroelectric states in doped
perovskite oxides [15, 16], however, crystal field splittings in
these system have not been extensively studied yet. [17, 19].
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To address the above concern, we take BTO thin films as
a representative material to investigate crystal field splitting
and orbital polarization in the presence of polar distortions in-
duced by ordering of ferroelectric dipoles. Bulk BaTi4+O3
with 3d0 electron configuration undergoes complex structural
and ferroelectric phase transitions upon cooling, e.g., from
high temperature cubic to tetragonal (393 K), tetragonal to
orthorhombic (278 K), and orthorhombic to rhombohedral
(183 K) , where ferroelectric properties are present below
393 K [18, 20, 21]. Moreover, under biaxial compressive
strain (such as epitaxial tetragonal BTO films on DyScO3 sub-
strates) the transition temperature can be enhanced to nearly
500 K and the remnant polarization is at least 2.5 times higher
than bulk BTO single crystals [22]. Due to strong B-site
ferroelectricity at room temperature [23–27], the BTO single
crystals are widely used as ferroelectric substrates for epitax-
ial thin film synthesis [28–30], where its epitaxial films can
be employed to manipulate interfacial electric field for con-
trolling order parameters and achieving novel functionalities
[31–33].
In this paper, high-quality tetragonal BTO thin films were
grown on DyScO3 (DSO) (110) single crystal substrates
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FIG. 1. (a) Schematic of epitaxial BTO film on a DSO substrate. The two arrows indicate biaxial compressive strain on BTO film. (b-c)
RHEED patterns of (b) BTO film (after growth at room temperature) and (c) DSO (110) substrate (before growth). The yellow arrows indicate
the half-order Bragg peaks.
in a layer-by-layer way by pulsed laser deposition (PLD).
The structural and electronic properties were characterized
by reflection high-energy electron diffraction (RHEED) and
element-specific X-ray absorption spectroscopy (XAS). In
sharp contrast to conventional crystal field splitting and or-
bital polarization from the Jahn-Teller effect, an anomalous
orbital structure, nearly degenerate t2g (dxz/dyz/dxy) and
split eg (d3z2−r2 < dx2−y2 about 100 meV) orbitals, was
revealed in epitaxial BTO films, resulting from the com-
petition between polar and Jahn-Teller distortions in non-
centrosymmetric TiO6 octhedra of polar BTO films.
II. EXPERIMENTS AND FIRST-PRINCIPLES
CALCULATIONS
As shown in Fig. 1, the BTO films (20 unit cells, ∼ 8.2
nm) had been grown along [110] (orthorhombic notation, cor-
responding to [001] orientation in a pseudocubic notation)
DSO substrates (5 × 5 × 0.5 mm3) by PLD, using a KrF
excimer laser operating at λ = 248 nm and 2 Hz pulse rate
with 2 J/cm2 fluence. During the growth, the oxygen pressure
was kept at∼ 10−6 Torr, the temperature of the substrates was
∼ 850 ◦C (from reader of infrared pyrometers). At room tem-
perature, the bulk lattice parameters are a = 3.99 A˚ and c =
4.04 A˚ for tetragonal BTO, and a = 3.95 A˚ for DSO (pseudo
cubic). Due to the lattice mismatch, the epitaxial BTO films
on DSO are under biaxial compressive strain, indicated by a
pair of arrows in Fig. 1(a). In order to monitor the growth of
the BTO thin film, an in-situ RHEED was performed during
the deposition. The sharp RHEED patterns, Fig. 1(b) and (c),
suggest a high-quality two-dimensional growth of the BTO
films. In order to investigate the electronic structure of BTO
films, linearly polarized XAS in luminescence yield detection
mode (bulk-sensitive, see Fig. 2(a)) was performed at room
temperature at beamline 4.0.2 of the Advanced Light Source
(ALS, Lawrence Berkeley National Laboratory) [34], and the
preliminary data were collected at beamline 6.3.1. We have
carried out first-principles density-functional theory (DFT)
calculations within the local density approximation (LDA)
[35, 36]. The calculations are performed using the Vienna
ab-initio simulation package (VASP) [37, 38]. The projector
augmented wave (PAW) [39] is used with an energy cut-off of
600 eV. The Brillouin zone is sampled with a 8×8×8 k-point
grid for 5-atom unit cell of BTO. Convergence is reached if
the consecutive energy difference is less than 10−6 eV for
electronic iterations and 10−5 eV for ionic relaxations. The
polarization is calculated using the Berry-phase method [40]
as implemented in VASP. The tight-binding parameters for Ti
d-orbitals are calculated by Wannier90 package [41].
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FIG. 2. (a) Schematic of experimental setup. E ‖ c and E ‖ ab ( E is the polarization vector of the photon) indicate out-of-plane (red solid
line, Ic) and in-plane (blue dash line, Iab) linearly polarized incident X-ray, respectively. The grazing angle θ = 20◦. The yellow arrows at
the bottom of DSO substrates indicates the bulk-sensitive luminescence yield detection mode. The arrow along [001] direction (pseudocubic
notation) indicates the growth direction of BTO films. (b) XAS of BTO films at Ti L2,3-edge at room temperature. All collected spectra are
repetitively measured more than six times. Enlarged XAS spectra at (c) Ti L3 (t2g) and (d) Ti L3 (eg) absorption peaks. ∆1 and ∆2 are
defined as the splitting between dxy and dxz/dyz orbitals, and between dx2−y2 and d3z2−r2 orbitals, respectively
III. RESULTS AND DISCUSSIONS
Figure 2(b) shows the XAS spectra of BTO films at Ti L2,3-
edge. There are four well split characteristic peaks, arising
from the excitations from Ti 2p to Ti 3d states (the electronic
configuration changes from Ti 2p63d0 to 2p53d1). Gener-
ally, in octahedral symmetry, the transition-metal d bands split
into t2g (dxy , dxz , dyz) and eg (d3z2−r2 , dx2−y2 ) [42–48].
The degenerate t2g and eg bands further split when the octa-
hedron experiences uniaxial elongation or compression [49],
along the c-axis where the Jahn-Teller distortion leads to or-
bital structure dxz/dyz < dxy < d3z2−r2 < dx2−y2 or dxy <
dxz/dyz < dx2−y2 < d3z2−r2 , respectively. Using that inten-
sity of linearly polarized XAS carries the information of crys-
tal field splitting and orbital polarization [42–48], Fig. 2(c)
and (d) show the differences between out-of-plane (Ic) and
in-plane (Iab) polarized XAS. As seen in the figure, the t2g or-
bitals are nearly degenerate (∆1 ∼ 0, see Fig. 2(c)) , whereas
the splitting ∆2 between dx2−y2 and d3z2−r2 orbitals in eg
state is about 100 meV, shown in Fig. 2(d). The same orbital
spitting is observed at Ti L2-edge as well. This kind of orbital
structure in BTO films ( dxz/dyz/dxy < d3z2−r2 < dx2−y2 ) is
unexpected and in sharp contrast to conventional crystal field
splitting ( dxz/dyz < dxy < d3z2−r2 < dx2−y2 ) in elongated
TiO6 octahedra along the c axis [50].
To further understand this anomalous orbital structure in
BTO films, we obtain the spectra of X-ray linear dichroism
(XLD), which is defined as XLD = Ic - Iab in this work. Fig-
ure 3 shows the XLD spectra of the biaxial compressive BTO
and CaTiO3 (CTO) films at Ti L2,3-edge. We note that among
ATiO3 titanates (A = Ba, Sr, Ca) only without Ti-O displace-
ments from the center of TiO6 octhedra are taken as a refer-
ence material to compare with ferroelectric BTO filmswith Ti-
O displacements. As highlighted in the orange area in Fig. 3,
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The area under XLD signal (Iab-Ic) around L2 edge (xx-xx eV) (AXLD) 
highlighted in Figx is used to represent the relative orbital 
occupancy: the more negative (positive) AXLD is, the larger relative 
occupancy of dx2-y2 (dz2) is.
As BTO grown on xxx substrate, the preferred orbital is dz2, 
suggested by the negative AXLD in the case of Ti displacement 
along the c direction. 
FIG. 3. XLD of BTO (in purple, with Ti-O displacements) and
CTO (in gray, without Ti-O displacements) [50] thin films at room
temperature. The rectangular orange shadow highlights the contribu-
tion of ferroelectric polarization on crystal field splitting and orbital
polarization.
the XLD of CTO indicates crystal field splitting (dxz/dyz <
dxy) within t2g states, whereas t2g orbitals are nearly degen-
erate (dxz/dyz/dxy) in BTO films.
The discrepancy between the degenerate t2g orbitals and
the expected crystal field splitting from the compressive strain
strongly suggest an additional mechanism behind unusual or-
bital splitting. Since the bulk BTO is ferroelectric at room
temperature [18], it is natural to include the polar distortion
in BTO and investigate its contribution to the orbital splitting.
Using the first-principles DFT method, we first calculate the
effect of the epitaxial strain on the Jahn-Teller distortion (or
change in the c/a ratio) without considering the polar dis-
tortion. With 1.25% compressive strain based on the lattice
mismatch between BTO and DSO, the c/a ratio obtained by
strained-bulk calculation increases to 1.02. Next, we allow a
polarization along the c-axis, experimentally observed under
the compressive strain [51]. The relaxed atomic structure with
1.25% compressive epitaxial strain lowers the total energy by
19 meV per formula unit from a polar distortion, mainly con-
tributed by Ti displacement from the center of the octahedron
with Ti-O-Ti angle of 172◦. The calculated polarization is 33
µC/cm2 along the c axis with further increase in the c/a ratio
to 1.04.
In order to investigate the effect of the Jahn-Teller and polar
distortion to orbital polarization, we consider two atomic con-
figurations: one with Jahn-Teller distortion with c/a = 1.04
with zero polar distortion and the other with cubic lattice con-
stant of 1.25% compressive strain for all the lattice constant
including polar distortion of the strained bulk calculation. The
projected density of states (PDOS) and Wannier tight-binding
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FIG. 4. PDOS of the strained bulk calculations with 1.25% biaxial
compressive strain. PDOS of (a) tetragonal BTO with zero polariza-
tions (c/a = 1.04) and (b) cubic BTO with polar distortion.
parameters are presented in Fig. 4 and table I, respectively. In
Fig. 4(a), we find that the effect of the Jahn-Teller distortion
from the compressive strain is straightforwardly shown in the
PDOS with dxz/dyz < dxy and d3z2−r2 < dx2−y2 orbital split-
ting, consistent with on-site energy differenceExz/yz−Exy =
−0.13 eV for t2g orbitals and E3z2−r2 −Ex2−y2 = −0.45 eV
for eg orbitals (Table I). We note that the splitting between t2g
orbitals is smaller than that of eg orbitals due to the relatively
weaker pi bonding of t2g orbitals compared to the σ bonding
of eg . In contrast, the inclusion of the polar distortion without
considering the Jahn-Teller distortion results in the opposite
trend in the PDOS as shown in Fig. 4(b): dxz/dyz > dxy and
d3z2−r2 > dx2−y2 orbital splitting, consistent with the on-site
energy difference of Exz/yz − Exy = 0.15 eV for t2g orbitals
and of E3z2−r2 − Ex2−y2 = 0.13 eV for eg orbitals (Table I).
We note that the splitting between the t2g orbitals from the
polar distortion is larger than that between eg orbitals, con-
sistent with relatively larger reduction in the in-plane hopping
t
||
xz/yz about 50 meV than that of t
||
x2−y2 about 20 meV com-
pared with the cubic hopping parameters. This suggests that
the bonding between the t2g orbitals is more sensitive to the
Ti-O-Ti angle than that between the eg orbitals.
From the opposite tendencies of the orbital splitting be-
tween the Jahn-Teller and polar distortions, we can understand
the orbital polarization observed in the XLD measurements;
the degeneracy of the t2g orbitals is maintained by the can-
cellation of orbital splitting from Jahn-Teller and polar distor-
5TABLE I. On-site energies and major hopping parameters of Ti d-orbital for BTO (in eV) obtained from Wannier functions of Ti d-band. For
hopping parameter t, || and ⊥ represent the in-plane and out-of-plane hopping, respectively.
On-site energy difference Intra orbital hopping
Exz/yz − Exy E3z2−r2 − Ex2−y2 t||xy t||xz/yz t⊥xz/yz t||x2−y2 t⊥3z2−r2
Cubic 0 0 -0.31 -0.31 -0.31 -0.50 -0.66
Tetragonal (P = 0) -0.13 -0.45 -0.30 -0.33 -0.25 -0.50 -0.64
Cubic (P 6= 0) 0.15 0.13 -0.30 -0.26 -0.28 -0.48 -0.66
Energy (eV)
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FIG. 5. PDOS of the atomic structures linear interpolated between
non-polar strained bulk BTO structure with c/a = 1.02 and polar
strained bulk BTO structure with P = 33 µC/cm2. The symbol λ is
defined as the parameter of the linear interpolation (λ = 0 and 1 for
non-polar and polar structures. PDOS for (a) λ = 0, (b) λ = 0.4 (P =
14 µC/cm2) and (c) λ = 0.8 (P = 27 µC/cm2).
tions which are similar in amount (−0.13 eV vs 0.15 meV),
while the degeneracy of eg orbitals is lifted due to larger dif-
ference of the orbital splitting from the Jahn-Teller and polar
distortions (−0.45 eV vs 0.13 eV). To confirm this idea, we
calculate the PDOS of the structures obtained by linear in-
terpolation between the strained bulk atomic structure with-
out polarization (c/a = 1.02) parameterized by λ = 0 and
strained bulk atomic structure with out-of-plane polarization
(c/a = 1.04) parameterized by λ = 1. Fig. 5 shows the
PDOS with λ = 0, 0.4, and 0.8. For the all values of the λ,
the splitting of the eg orbital is maintained due to the splitting
from the elongated c-axis (c/a > 1.02) dominating the eg or-
bital splitting. In contrast, the sign change in the t2g orbital
splitting is clearly seen for λ = 0 and λ = 0.8. In particular,
for λ = 0.4, the t2g orbitals are closely degenerate while eg
orbitals split about 0.3 eV, consistent with the experimental
data. For the λ = 0.4, the polarization value reduced to about
42% of the λ = 1 structure, which may come from the finite
thickness of BTO, suppressing the polarization.
We compare the crystal-field-induced splitting between po-
lar BTO without octahedral rotation and tilts and non-polar
CaTiO3 (CTO) with a−a−c+ octahedral rotation and tilts
commonly observed in perovskite oxides, illustrated in Fig. 6.
For TiO6 octahedra under biaxial compressive strain, the or-
bital structure (dxz/dyz < dxy < d3z2−r2 < dx2−y2 ) in biax-
ial compressive CTO films is expected due to elongated Ti-O
bonds along the c-axis. With combined tetragonal and po-
lar distortions in BTO, a large orbital splitting between eg or-
bitals (d3z2−r2 < dx2−y2 ) with an energy gap about 100 meV
is observed from the dominated Jahn-Teller splitting from
increased c/a ratio, whereas t2g (dxz/dyz/dxy) orbitals are
nearly degenerate in the BTO thin film from the competition
between polar and Jahn-Teller distortions. The unusual orbital
structure we have observed in this work may provide a clue to
understand the peculiar band splitting of BTO investigated by
angle-resolved photoemission spectroscopy (ARPES) [52], by
including the crystal field splitting from polar distortions. Our
finding here provides an effective way to manipulate orbital
degree of freedom by manipulating ferroelectric polarization
which could be used to design exotic quantum states, such
as metal-insulator transition, superconductivity, and colossal
magneto-resistance.
IV. CONCLUSION
In summary, we have synthesized high-quality BTO thin
films on DSO substrates with a layer-by-layer growth by PLD
and characterized their structural and electronic properties by
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FIG. 6. Contrastive crystal field splitting of CTO films (left panel, without Ti-O displacements) and BTO films (right panel, withTi-O
displacements).
RHEED, element-specific XAS/XLD, and DFT calculation.
In sharp contrast to conventional crystal field splitting and or-
bital configuration (dxz/dyz < dxy < d3z2−r2 < dx2−y2 ) in
elongated TiO6 octahedra such as compressive CTO films, the
XLD spectra reveals that the orbital structure in BTO films is
unconventional: nearly degenerate t2g (dxz/dyz/dxy) and split
eg (d3z2−r2 <dx2−y2 with a gap∼ 100 meV) states. The first-
principles DFT calculations show that this unexpected degen-
erate t2g orbitals are from the competition between polar and
Jahn-Teller distortions in the non-centrosymmetric TiO6 oc-
thedra of BTO films. Our work could pave a way to design
exotic quantum states (such as tunable multiferroic proper-
ties) by manipulating the orbital degree of freedom using the
switchable ferroelectric polarizations.
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